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The struture of multiply quantized or giant vortex states in atomi Fermi gases aross a Feshbah
resonane is studied within the ontext of self-onsistent Bogoliubov-de Gennes theory. The partile
density prole of vorties with κ > 1 ux quanta is alulated. Owing to κ disrete branhes of
vortex ore bound states, inside the ore the density osillates as a funtion of the distane from
the vortex line and displays a non-monotoi dependene on the interation strengths, in marked
ontrast to the singly quantized ase, in whih the density depletes monotonially. This feature,
never reported so far, an make a diret visualization of the giant vorties in atomi Fermi gases.
PACS numbers: 03.75.Hh, 03.75.Ss, 05.30.Fk
One of the hallmarks of superuidity of quantum uids,
be it fermioni or bosoni, is the appearane of quantized
vorties. In ondensed matter physis, the vortex states
have been studied widely in various systems, ranging
from the onventional Bardeen-Cooper-Shrieer (BCS)
superondutors to the rotating helium superuids. The
reent manipulated ultraold atomi
6
Li and
40
K gases
emerge as a new promising test-bed for the vortex physis
[1℄. Their interations an be arbitrarily and preisely
enhaned using a Feshbah resonane. Upon sweeping
a magneti eld downward through the resonane, these
Fermi systems undergo a smooth rossover from the BCS
superuidity to the Bose-Einstein ondensation (BEC)
of tightly bound pairs [1℄. As the underlying statistis
of systems hanges from fermioni to bosoni aross the
resonane, it is interesting to ask how the properties of
vorties evolve around the rossover.
A singly quantized vortex in the BCS-BEC rossover
has been disussed to a ertain extent [2, 3, 4, 5, 6, 7,
8, 9℄. The presene of strong interations is shown to
lead to a signiant depletion of the partile density in
the region of the vortex ore [2, 5℄, whih was indeed
onrmed experimentally by Zwierlein et al. for a
6
Li
gas [1℄. The properties of giant vortex states with mul-
tiple ux quanta [10, 11, 12℄, on the other hand, is less
known. Generially, in a bulk system giant vorties are
not energetially favorable and are not expeted to per-
sist if reated. In the onned geometry, however, the
situation may be dierent. A number of methods have
been proposed to overome this vortex dissoiation insta-
bility, inluding the use of an external repulsive pinning
potential [13℄ or a trapping potential steeper than the
harmoni traps [14℄. As a ounterpart, the giant vortex
strutures have been reently produed in rapid rotat-
ing trapped BECs [15℄. They have also been observed
in the nanosale superondutors where the sample size
beomes omparable to the superonduting oherene
length ξ [16℄.
Given all the reent advanes in experimental teh-
niques, in this paper we disuss the evolution of the gi-
ant vortex struture from weak-to-strong oupling super-
uidity in trapped Fermi gases aross a broad Feshbah
resonane. In marked ontrast to the singly quantized
vortex, we nd a non-trivial osillation behavior in the
partile density prole of giant vorties inside the ore in
the strongly interating BCS-BEC rossover regime. The
osillation pattern, unique to the number of ux quanta
at partiular ouplings, relates diretly to the mirosopi
eletroni spetrum of the loal density of states (LDOS),
whih aquires an intriguing struture owing to the mul-
tiple branhes of vortex ore bound states, the so-alled
Caroli-de Gennes-Matrion (CdGM) states [17℄. In this
respet, it provides a density ngerprint for giant vorties
in the neutral Fermi gases. Towards the deep BEC limit,
these osillation patterns ease to exist, and nally the
density prole returns bak to that of a BEC. Our results
are obtained by numerially solving the Bogoliubov-de
Gennes (BdG) equations in a fully self-onsistent fash-
ion. As the strongly interating Fermi systems an be
found also in various elds of physis, suh as the high-
temperature superondutors and neutron stars, our re-
sults an have impliations beyond the old atom physis.
To be onrete, we onsider a two-dimensional (2D)
Fermi gas that an be prepared readily in a single `pan-
ake' trap or at the nodes of 1D optial lattie poten-
tials. It is suient to model the broad Feshbah reso-
nane using a single hannel Hamiltonian [18℄. We there-
fore assume a 2D ontat interation parameterized by
a oupling onstant g. The two-body interation prob-
lem under this irumstane involves two length sales:
the harateristi length in the tightly onned dire-
tion a0 and the 3D s-wave sattering length asc. A
peuliar 2D bound state of two atoms appears for an
arbitrarily weak attration [19℄, with the binding en-
ergy Ea/(~ω0) = 0.915/π exp(−
√
2πa0/asc) ≪ 1, where
ω0 = ~/(ma
2
0). The bare oupling onstant an then be
2regularized via the s-wave sattering phase shift [20℄, i.e.,
1
g
+
∑
k
1
~2k2/m+ E
=
m
4π~2
ln
(
Ea
E
)
, (1)
where the relative ollision energy E is of the order of
the Fermi energy EF and drops automatially out of
the nal results. For a uniform gas at zero tempera-
ture, the mean-eld theory of the BCS-BEC rossover in
2D admits simple analyti expressions for the order pa-
rameter and hemial potential: ∆ = (2EFEa)
1/2
and
µ = EF − Ea/2, respetively [20℄. Hene, Ea ≪ EF
orresponds to the weak oupling BCS limit, while in the
opposite BEC limit of very strong attrations, Ea ≫ EF .
The rossover ours approximately at Ea ≃ 0.5EF [21℄.
In BdG approah the quasipartile wave funtions uη
and vη are determined by the oupled equations [22℄,[ H0 ∆(r)
∆∗(r) −H0
] [
uη (r)
vη (r)
]
= Eη
[
uη (r)
vη (r)
]
, (2)
where Eη is the exitation energy, and the single partile
Hamiltonian in traps is H0 = −~2∇2/2m +mω2r2/2 −
µ. As the BdG equations are invariant under the re-
plaement uη (r) → v∗η (r), vη (r) → −u∗η (r), Eη →
−Eη, we restrit our alulations to Eη ≥ 0 only.
The order parameter ∆(r) and the hemial potential
µ are determined respetively by the self-onsisteny
equation ∆(r) = g
∑
η uη (r) v
∗
η (r) [1 − 2f(Eη)] and
the partile density n (r) = 2
∑
η{|uη (r)|2 f(Eη) +
|vη (r)|2 [1−f(Eη)]} so that
∫
drn (r) = N . Here f (x) =
1/
(
ex/kBT + 1
)
is the Fermi distribution funtion and N
is the number of total atoms. Numerially one has to
trunate the summation over the energy levels. In pra-
tie, we develop a hybrid proedure by introduing a high
energy ut-o Ec, above whih we use a loal density
approximation (LDA) for the high-lying modes. Thus
the regularization presription (1) leads naturally to an
eetive oupling onstant in the self-onsisteny equa-
tion ∆(r) = geff (r)
∑
η uη (r) v
∗
η (r) [1 − 2f(Eη)], where∑
η is now restrited to Eη ≤ Ec. Further expression of
geff (r) and the detailed LDA ontributions to the par-
tile density will be reported elsewhere. Below Ec, we
solve the BdG equations by taking ∆(r) = ∆(r)e−iκϕ,
where κ denotes the number of vortex ux quanta. A-
ordingly, we write, for the normalized modes, uη (r) =
unm (r) e
i(m)ϕ/
√
2π and vη (r) = vnm (r) e
i(m+κ)ϕ/
√
2π.
The BdG equations then deouple into dierent m se-
tors and redue to a matrix diagonalization problem if
one expands unm (r) and vnm (r) in a basis set of 2D
harmoni osillators.
We have performed self-onsistent omputations for a
gas with N = 1000 for κ up to 10, and have set aho =
(~/mω)1/2 and ~ω as the units of length and energy, re-
spetively. In the absene of vorties, an interesting as-
pet of the 2D mean-eld theory is that the density pro-
le is essentially independent on the interations, though
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Figure 1: (Color online). Partile density proles, normalized
by nTF =
√
N/pia−2
ho
, for several values of the interation
strengths: Ea = 0.1EF (solid lines), Ea = 0.2EF (dashed
lines), Ea = 0.5EF (dotted lines), and Ea = 2.0EF (dash-
dotted lines).
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Figure 2: (Color online). Centre partile density as a funtion
of the number of ux quanta (a) and the interation strengths
(b). The symbols in the left panel denote dierent value of
the interation strengths: Ea = 0.1EF (BCS side, squares),
Ea = 0.5EF (rossover point, irles), and Ea = 1.5EF (BEC
side, triangles). The lines in the right panel show the results
with dierent number of ux quanta: κ = 1 (solid line), κ = 2
(dashed line), and κ = 3 (dash-dotted line).
the hemial potential is appreiably redued. Within
LDA we nd that n (r)κ=0 = (
√
N/π)(1 − r2/r2TF )a−2ho
with rTF =
√
2N1/4aho, and µκ=0 = EF − Ea/2, where
EF =
√
N~ω ≡ kBTF . The resulting maximum value of
the order parameter is ∆0 = (2Ea/EF )
1/2EF . We have
hosen Ec ≃ 4EF , whih is already suient large to
ensure the ut-o independene of our results. The har-
ateristi length sale of the ore size of giant vorties
is ξκ ≃ κξ, where the oherene length ξ ≃ ~vF /π∆0 ∼
k−1F =
√
1/2N−1/4aho in the BCS-BEC rossover regime.
Our main results are summarized in Figs. 1 and 2
where we report the vortex partile density proles and
entre partile densities for several values of the number
of ux quanta and the interation strengths at nearly zero
temperature T = 0.01TF . The most unexpeted feature
of these proles is the prominent osillation behavior in
the region of the vortex axis for giant vorties with κ ≥ 2,
in sharp ontrast to the monotoni depletion of the parti-
le density in ase of a singly quantized vortex as shown in
Fig. 1a. In addition, the entre partile density osillates
with κ and displays a non-monotoni dependene on the
interations. The osillations in the density prole are
3most pronouned on the BCS side and at large number
of ux quanta. However, they get suppressed appreiably
with inreasing the interation strengths. Nevertheless,
they are learly visible around the rossover regime, and
should be easily deteted by the absorption imaging in
experiments. For a given interation strength, there is a
ritial value of the number of ux quanta required to ex-
hibit the osillations, whih inreases as the interation
inreases. In the nearly BEC regime at Ea = 1.5EF ,
the osillation ours for κ ≥ 6 only, as displayed by
the triangles in Fig. 2a. We thus expet that in the ex-
treme BEC limit, these osillation patterns in the density
proles of all giant vorties should vanish identially, in
aordane with the general piture of a fully ondensed
BEC.
The appearane of the intriguing osillations in the
partile density prole for giant vorties is in lose on-
netion to the multiple branhes of CdGM bound states
inside the vortex ore [17℄. In the weak oupling limit, a
simple semilassial treatment of the CdGM states leads
to a linear spetrum [12℄,
ǫnm = (n+
1
2
− κ
2
)Eκ0 + (m+
κ
2
)κEκ1, (3)
where m is the angular momentum, and the branh in-
dex n may take κ integrate values, i.e., from −κ/2 to
(κ − 1)/2, aording to the index theorem established
by Volovik for the number of anomalous branhes of
low-energy quasipartiles inside the ore [23℄. Eκ0 =
π~vF /(2ξκ) ∼ 2∆0/κ and Eκ1 = ~2/(2mξ2κ) ∼
(∆20/EF )/κ
2
are the bound state level spaings [12℄.
To illustrate the relation between CdGM states and
our results on the partile density proles, we alulate
the LDOS N (r, E), given by 2
∑
η[|uη(r)|2 δ(E − Eη) +
|vη(r)|2 δ(E+Eη)], whih, when integrated over negative
energy, gives rise to the density proles n (r). The CdGM
states would exhibit themselves as peaks in the LDOS.
As the radial funtions behave as unm (r) ∼ r|m+κ/2| and
vnm (r) ∼ r|m−κ/2| lose to the origin, the quasipartile
probability amplitudes |u (r)|2 and |v (r)|2 have maxima
at r ≃ |m| /kF beause of the angular momentum of the
states [10℄. Therefore, the prinipal ontribution to the
LDOS at given (r, E) arises from the bound states with
(|m| , ǫnm) = (kF r, E) [10℄.
Let us rst fous on the entre partile density with
m ∼ 0. Fig. 3 shows the LDOS at the vortex axis for
dierent values of the interations. On the BCS side,
where Eκ0 ≫ Eκ1 (see, i.e., Fig. 3a), there are peaks lo-
ated both below and above the Fermi surfae of E = 0
for κ ≥ 2, and their weights may hange periodially as
a funtion of κ. As a result, the entre density osil-
lates with the number of ux quanta. With inreasing
the interations, however, the level spaing Eκ1 beomes
progressively larger due to the enhanement of ∆0, and
therefore Eκ0 < Eκ1 aross the rossover point. Hene,
the interation turns to expel the bound states towards
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Figure 3: (Color online). Loal fermioni density of states at
the vortex axis for (a) Ea = 0.1EF , (b) Ea = 0.5EF , () and
Ea = 1.5EF .
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Figure 4: (Color online). Spatial variations of the loal den-
sity of states for κ = 4 and κ = 5 at several values of the
interation strengths as labeled.
the positive energy side. This results a sudden drop of
the entre density at a ritial oupling strength one the
lowest bound state shifts up aross E = 0, as shown in
Fig. 2b. The value of the ritial oupling inreases with
the number of ux quanta.
We now onsider the osillations in the partile density
proles of giant vorties, whih may be understood from
the spatial dependene of the LDOS, as displayed in Fig.
4 for κ = 4 and κ = 5. In the weak oupling limit, the κ
branh spetra of CdGM states are quasi-ontinuous. It
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Figure 5: (Color online). Order parameter proles and ur-
rent distributions at the vortex ore for several values of the
interation strengths: Ea = 0.1EF (solid lines), Ea = 0.2EF
(dashed lines), Ea = 0.5EF (dotted lines), and Ea = 1.5EF
(dash-dotted lines). The urrents are in units of nTF vF ,
where vF = ~kF/m is the Fermi veloity.
is easy to see from Eq. (3) that a wedge-shaped pattern
of maxima in the LDOS is formed [10, 11℄, as shown in
Fig. 4a. There are κ rows of peaks as one moves away
from the vortex axis, with dereasing number of peaks
one by one due to the inrease of the angular momentum
m. Therefore, the integration over the negative energy of
the LDOS naturally yields the osillation behavior of the
density proles. However, as noted above, the inrease
of the interation will make the CdGM states more dis-
rete, with a larger level spaing. This destroys gradually
the regular pattern of maxima in the LDOS and the re-
sulting osillations in the density prole. For a suient
attration, see, i.e., Fig. 4, the LDOS exhausts at the
negative energy, and therefore the density prole of giant
vorties depletes ompletely inside the ore, resembling
that of an ideal BEC as expeted.
Finally, in Fig. 5 we report the order parameter
proles and the urrent irulating around the vortex
ore. Formally the urrent density is given by j (r) =
(2i~/mr)
∑
η vη∂ϕv
∗
ηf(−Eη)ϕˆ. The order parameter in-
side the ore expands as the ux quanta inreases, in
aordane with the asymptoti Ginzburg-Landau form
∆(r) ∼ rκ (r . ξκ), and enhanes with inreasing the
strength interations. On the other hand, the urrent
density exhibits a similar osillation behavior as the par-
tile density for weak interations. These osillations
are attributed to the interplay between the paramag-
neti bound states and the diamagneti sattering states,
whih give the opposite ontributions to the urrent, as
disussed in Ref. [24℄ for a two-quantum vortex.
We so far onne to the 2D geometry. By allowing a
free motion of atoms in a box of length L in z axis, we
have also studied the 3D situation for a strongly interat-
ing gas of N = 104 atoms in a ylinder with L ∼ /rTF ,
and have observed qualitatively the same features.
In onlusion, by self-onsistently solving the mean-
eld Bogoliubov-de Gennes equations we have analyzed
the struture of giant vorties in a superuid atomi
Fermi gas in the strongly interating BCS-BEC rossover
regime. The multiple branhes of the CdGM bound
states are shown to have a signiant impat on the lo-
al density of states, and onsequently lead to nontrivial
osillations in the giant vortex density proles. These
distint osillations, whih ould be visualized after ex-
panding the loud, an make a useful diagnosis of giant
vorties in atomi Fermi gases.
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